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Abstract 

We describe the preparation, characterization and imaging studies of rhenium carbonyl complexes 
with a pyta- (4-(2-pyridyl)-1,2,3-triazole) or tapy- ((1-(2-pyridyl)-1,2,3-triazole) based heteroaromatic 
N^N ligand and thiolate or selenoate X ligand. The stability and photophysical properties of the 
selenolate complexes are compared with parent chloride complexes and previously described 
analogues with benzenethiolate ligands. Two complexes were imaged in A549 cells upon excitation at 
405 nm. Colocalization studies suggest a lysosomal accumulation while one parent chloride complex 
was described to localize at the Golgi apparatus. Preliminary fluorescence lifetime measurements and 
imaging demonstrate potential for application in time-resolved microscopy techniques due to the long 
and variable lifetimes observed in cellular environments, including an increase in lifetime between the 
solution and solid state many times larger than previously reported.  

Introduction 

Rhenium(I) fac-tricarbonyl complexes of general formula [Re(N^N)(CO)3X]n+ are an interesting class of 
organometallic complexes with many different potential applications.1-2 These originate from their 
electronic and photophysical properties, that can be easily modified/tuned by structural variations 
around the diimine ligand N^N and the axial ligand X.3 Such complexes can thus display reactivity as 
catalysts (photo(electro)reduction of CO2 for example),4-6 in photodynamic therapy7 or as photo-CO-
releasing molecules8-9 for example. Inert rhenium tricarbonyl complexes also find interesting 
applications in bioimaging.10-12 Such complexes are usually stable in biological media with low toxicity 
and can be imaged with different modalities: X-ray fluorescence (XRF) imaging of the rhenium,13-18 
infrared imaging of the M-CO bond vibrations that lie in the transparency window of biological 
media,19-23 and luminescence imaging.24-25 Their photophysical properties mainly derive from 3MLCT 
excited states and comprise low quantum yield, large Stokes shits and long emission lifetimes.26 

While there are many reports of the application of these complexes in biological imaging, and of their 
long lifetimes, there are relatively few reports of the application of such complexes in time-resolved 
imaging studies27-29, while iridium and ruthenium complexes, for example, are commonly used in this 
way.30-32 Time-resolved microscopy with triplet emitters takes advantage of their long lifetimes in a 
variety of different ways, principally time-gating, or lifetime mapping. Time-gated techniques 
differentiate between short-lived emission from singlet emitters such as autofluorescence or organic 
fluorophores by separating the long-lived components of a decay from the shorter components and 
generating images consisting solely of the light emitted after a given time period, illustrating the 
distribution of the metal complexes.33-34 Lifetime mapping generates a single image containing all of 
the decay components, but with each pixel colored on a lifetime scale rather than by intensity or 
wavelength of emission, giving an image that visually presents differences in excited state lifetime 
across the cells. Lifetime mapping can be on the nanosecond timescale for singlet emitter 
(Fluorescence lifetime Image Mapping, FLIM), or on longer timescales for triplet emitters 
(Phosphorescence Lifetime Image Mapping, PLIM). PLIM has been widely used for cellular oxygen 
concentration mapping as triplet lifetimes are sensitive to oxygen concentration.35 
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In the past few years, we have explored the impact of structural modifications and decoration of 
rhenium carbonyl complexes on their photophysical properties and on their penetration and 
subcellular distribution.3, 16-17, 36 We have exploited these complexes in correlative fluorescence and 
infrared imaging studies and more recently developed such complexes as organelle-targeting probes 
suitable for XRF mapping.16-17, 20, 37-38 The most explored ancillary ligands X are halogen, O, N or P donor-
based ligands and much is known on their electronic structures and properties. Sulfur based X ligands 
have received interest more recently, with substituted benzenethiolates,36, 39 mercaptopyridines,40-42 
cysteine and derivatives,43 thiosulfate44 and methimazole45 as prominent examples. The corresponding 
complexes were investigated in structural studies, or for their photophysical properties, cellular 
localization using XRF imaging and cytotoxicity. However, biological imaging reports of such complexes 
remain scarce.40 We described Re(N^N)(CO)3(SPh) complexes bearing pyta- (4-(2-pyridyl)-1,2,3-
triazole) or tapy- ((1-(2-pyridyl)-1,2,3-triazole) based N^N ligands and substituted benzenethiolate X 
ligands along with their photophysical properties (Figure 1).36 We extend our previous work here with 
the benzeneselenolate corresponding complexes and their photophysical characterizations. Cationic 
complexes with 1-methylimidazole-2-selone (N^N = bpy, phen, dmphen) were published this year,45 
and a Re(I)-diselenoether (Re-diSe) was shown to display promising anticancer properties46-47. The 
complexes described here are, to the best of our knowledge, the first neutral diimine bearing 
complexes with a selenium based axial ligand. We describe complementary cytotoxicity and imaging 
studies in A549 cells of the two complexes Re(pyta-C12)(CO)3(SPhCOOMe) 1d and Re(pyta-
C12)(CO)3(SePh) 1f. We also describe solution and solid state luminescence lifetime studies of these 
complexes, revealing an unprecedented degree of lifetime extension in the solid state, which is then 
exploited in time-resolved fluorescence microscopy studies of these complexes in A549 cells.  

 

 

Figure 1. Previously reported rhenium carbonyl thiolate complexes and new complexes described.  
 
Results and discussion  

Synthesis 

The ligands pyta-C12 (2-(1-dodecyl-1H-1,2,3-triazol-4-yl)pyridine) (derived from pyta (4-(2-pyridyl)-
1,2,3-triazole)) and tapy-C12 (2-(4-dodecyl-1H-1,2,3-triazol-1-yl)pyridine) (derived from tapy (1-(2-
pyridyl)-1,2,3-triazole)) were prepared as already described.3 The benzene thiolate complexes have 
been previously described in He et al36 with moderate yields by treatment of the chloride parent 
complex with silver triflate in THF followed by reaction with a stoichiometric amount of benzenethiol 
in the presence of triethylamine (4.0 eq.). The thiolate ligands have been shown to act as bridging 
ligands generating dinuclear complexes.39, 48-49 A careful analysis of the products generated in the 
experimental conditions described in He et al36 in the case of para-methoxybenzenethiol confirmed 
such a behaviour (Scheme 1). DOSY experiments on the crude mixture (Supporting information Fig. S1) 
showed the presence of several species that were identified, after column chromatography, as the 
mononuclear complex 1c along with a species comprising two Re(pyta) moieties for one 
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benzenethiolate ligand proposed as a dinuclear complex 3c with a bridging thiolate ligand. This 
explains the modest yields of the monomeric benzenethiolate complexes initially reported.36 Using an 
excess of para-methoxybenzenethiol (4.0 eq.) and triethylamine (6.0 eq.), however, the reaction 
cleanly afforded the expected benzenethiolate mononuclear complex along with the benzenethiol in 
excess without the formation of dinuclear species (Scheme 1). The desired complexes could be isolated 
with excellent yields of 88-92% after column chromatography on silica gel.  

 

Scheme 1. Optimization of the synthesis of benzenethiolate complexes.  

The synthesis of the complexes bearing benzeneselenolate ligand was then performed in the same 
conditions with an excess of selenophenol (4.0 eq.) and triethylamine (6.0 eq.) (Scheme 2). The 
complexes were obtained as orange solids with 87-92% yield after purification by column 
chromatography on silica gel. 

 

Scheme 2. Synthesis of selenolate complexes.  

Stability of the complexes by time-dependent 1H NMR:  

As this type of complexes can show limited stability in solution in coordinating solvents, we 
investigated this parameter for the newly prepared selenolate derivatives 1f, 2f. The monomeric 
benzenethiolate complexes (R = H, OMe, COOMe) with pyta and tapy ligands were described to be 
stable in aerated acetonitrile solutions (4 mM) in the dark for more than 8 hours.36 The complexes 1f 
and 2f were stable in those conditions for more than 24 hours (Supporting information Fig. S7-8). While 
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the pyta complexes showed similar stabilities, the selenolate tapy complex appeared more stable than 
its corresponding thiolate counterpart.  

Photophysical properties  

We investigated the absorption and emission properties of the new complexes 3c, 1f, 2f (aerated 
solutions, freshly prepared in acetonitrile, 20 μM, 298 K). The electronic absorption data are presented 
in Table 1 and the spectra shown in Fig. 2 for 3c and Fig. 3 for 1-2f. The photophysical properties of the 
parent chloride and benzenethiolate complexes were previously described.3, 36 The absorption of the 
dinuclear complex 3c resembled that of the corresponding mononuclear complex 1c in the absorption 
shoulder at 330–335 nm (Fig. 2). This band was proposed to arise from a transition of mixed MLCT and 
LLCT character (π(SPh) - π*(N^N) transition). This suggests that such transitions occur in the dinuclear 
complex at similar energies. By contrast the spectrum differs in the higher energy range around 280 
nm where intraligand (1IL) or ligand-to-ligand charge transfer (LLCT) (π–π*, n–π* transitions) are 
observed, and no broad low-energy band of very weak absorption at ca. 430 nm, which was attributed 
in 1c to a (πS/dπ) - π*(N^N) transition, was observed. This is in consistent with the structure of 3c in 
which there is no more sulfur lone pair nonbonding electrons.  

 
Figure 2. UV-Vis absorption spectra of complexes 1a-1d, 3c in acetonitrile (20 μM) 

The selenolate complexes 1f and 2f followed the same trend as the corresponding benzenethiolate-
based complexes with an absorption shoulder at 330/335 nm for the pyta complex as in the case of 
Re(pytaC12)(CO)3SPh 1b and a small red shift for the tapy complex with a broad band around 340 nm 
as for Re(tapyC12)(CO)3SPh 2b or Re(tapyC12)(CO)3SPhOMe 2c (Figure 3).  
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Figure 3. UV-Vis absorption spectra of complexes 1-2a-d,f in acetonitrile (20 μM) 

 

Table 1. Photophysical data for complexes 1-2 a-f. 

Complex Letter N^N L Abs 
(nm) 

Exc 
(nm) Em (nm) Range 

(nm) 

Stokes 
shifts 
(nm) 

Φa (%) 
SD 

(x10-4) 
Ref 

τ (ns) 

(MeCN) 

τ (ns) 

(solid) 

Re-pytaC12-
Cl 1a pyta-C12 Cl 332 330 532 450-640 200 0.15 1.4 3 44  

Re-pytaC12-
SPh 1b pyta-C12 SPh 330/421 330 633 550-750 303 0.03 0.3 36 24  

Re-pytaC12-
SPhOMe 1c pyta-C12 SPhO

Me 330/421 330 450 - - - - 36   

Re-pytaC12-
SPhCO2Me 1d pyta-C12 SPhCO

OMe 347/415 350 610 500-800 261 0.06 0.3 36 31 1079 

Re-pytaC12-
SePh 1f pyta-C12 SePh 330 330 640 550-750 305 0.024 5.0 This 

work 25 395 

Re-tapyC12-
Cl 2a tapy-C12 Cl 355 355 567 480-700 212 0.24 1.6 3   

Re-tapyC12-
SPh 2b tapy-C12 SPh 330/457 330 526 450-650 196 0.04 0.7 36 86 1284 

Re-tapyC12-
SPhOMe 2c tapy-C12 SPhO

Me 334/460 330 - -  - - 36   

Re-tapy-
SPhCO2Me 2d tapy-C12 SPhCO

OMe 344/450 350 650 570-800 306 0.02 0.2 36 65  

Re-tapy-
SePh 2f tapy-C12 SePh 330 330 525 450-650 195 0.028 4.0 This 

work 20 183 

a. reference Ru(bpy)3(PF6)2 in aerated acetonitrile (λexc = 450 nm), Φ 0.018.50  
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Photophysical data recorded at room temperature in CH3CN. Solution state lifetimes recorded as optically dilute 
solutions in CH3CN with 405 nm excitation pulsing at 40 MHz. Solid state lifetimes recorded on powdered 
crystalline samples on microscope slides pulsing at 1 MHz standard pulse mode or in burst mode for lifetimes 
>1000 ns.  

The emission of the new complexes 1f and 2f were studied in acetonitrile at 20 μM (Table 1 and Fig. 
4). Substitution of a sulfur atom for a selenium atom had no impact on the emission properties of the 
complexes: upon excitation at 330 nm, complexes Re(pytaC12)(CO)3S/SePh 1b and 1f showed a 
maximal emission at 635 nm, red-shifted with regard to the parent chloride complex (emission 
maximum at 532 nm) and Re(tapyC12)(CO)3S/SePh 2b and 2f showed the same emission maximum 
around 530 nm, blue-shifted compared to the parent chloride complex (emission maximum at 567 
nm). This red shift upon replacement of a halide with a thiol/selenol, capable of the LLCT transition is 
reminiscent of the behaviour observed in the related fac-[Pt(Me)3(bpy)SR] complexes.49 The quantum 
yields of the selenolate complexes and of the thiolate complexes are in the same order, lower than 1% 
in ACN. The photophysical properties of pyta complexes 1d and 1f were further studied in aqueous 
conditions (H2O with 1% DMSO). As in the case of the chloride complex 1a,3 the absorption spectra 
were similar in acetonitrile and water except for a bathochromic shift of the MLCT-based bands in 
aqueous environment (λabs(1d-MeCN) 350 nm and λabs(1d-H2O) 360 nm; λabs(1f-MeCN) 330 nm and 
λabs(1f-H2O) 350 nm, Fig. S10). Emissions of 1d and 1f in aqueous medium were blue shifted with 
respect to acetonitrile, to a stronger extent than parent complex 1a3 (λem(1d-MeCN) 610 nm and 
λem(1d-H2O) 570 nm; λem(1f-MeCN) 640 nm and λem(1f-H2O) 600 nm, Fig. S10). The compounds share 
the behaviour already described with such complexes bearing long alkyl chains of a strong emission 
enhancement in water compared to organic solvent (Fig. S10).3 

 

 

Figure 4. Emission spectra of complexes in acetonitrile (20 μM).  

Time resolved photophysical studies 

In order to further characterise the photophysical behaviour of these complexes, the luminescence 
lifetimes of a selection of these compounds were recorded in acetonitrile solution. Rhenium (I)-fac-
tricarbonyl complexes are well known examples of triplet emitters and as such typically have 
luminescence lifetimes in the 50-250 ns range, depending upon ligands and environment. The thiolate 
and selenoate complexes were examined in aerated MeCN solution using time-correlated single 
photon counting (TCSPC) methods and showed moderate to short lifetimes (1-100 ns) in comparison 
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with the analogous complexes of the general formula [Re(N^N)(CO)3X] in which X is a neutral nitrogen 
ligand (pyridine, acetonitrile etc), some of which had multicomponent decays, but most fitted well to 
single exponentials (Supporting information Fig. S11-S12). The thiolate pyta complexes generally had 
lower lifetimes (1-50 ns) compared to the thiolate tapy complexes (60 -100 ns) and the selenoate 
complex Re(pytaC12)(CO)3SePh 1f showed a solution state lifetime of 25 ns, which is almost identical 
to that of the thiolate analogue Re(pytaC12)(CO)3SPh 1b (24 ns). The longer lifetimes of the tapy vs 
pyta analogues were not reflected in the steady state quantum yields. In the light of unexpectedly long 
lifetimes being observed in time-resolved microscopy (see below), the solid-state lifetimes of a 
selection of the complexes were recorded, revealing a dramatic extension of the lifetimes in the solid 
state. Re(pytaC12)(CO)3(SPhCOOMe) 1d which showed a lifetime of 31 ns in solution, showed a two-
component decay in the solid state with lifetimes of 1216 and 346 ns, giving an intensity weighted 
average lifetime of 1079 ns. The same pattern of lifetime extension in the solid state, was followed for 
the selenium complexes. Re(pytaC12)(CO)3SePh 1f which showed a solution state lifetime of 24 ns, in 
the solid state again showed a two-component decay, with 646 and 235 ns contributions, giving an 
intensity weighted average lifetime of 395 ns (Supporting information Fig. S13-S14). 
Re(tapyC12)(CO)3SePh 2f, which showed a solution state lifetime of 20 ns, showed in the solid state a 
decay which fitted well to a two component model, with 485 and 89 ns contributions, giving an average 
lifetime of 183 ns.  

The observation of increased lifetimes for rhenium complexes in the solid state as opposed to solution 
has previously been described and assigned to Aggregation-Induced Phosphorescence Enhancement 
(AIPE).51 However, the enhancements observed in this study are even greater in magnitude, with those 
previously reported being in the range of 4 – 9 fold, whereas the largest in this study, 
Re(pytaC12)(CO)3(SPhCOOMe) 1d showed a 35-fold extension of lifetime on going from solution to the 
solid state, and even Re(pytaC12)(CO)3SePh 1f showed a 17-fold enhancement. The previous report 
suggests that the origin of the enhancement is close packing in the crystal structure protecting the 
complexes from quenching,51 and while crystal structures of these complexes are not available, it is 
likely that similar effects are responsible for the extension to the lifetimes. It is worth noting that the 
thiolate and selenoate complexes have somewhat shorter solution state lifetimes than comparable 
halide / pyridine complexes, and more comparable solid-state lifetimes. Therefore, it seems likely that 
the chalcogenide complexes undergo more efficient quenching in solution than other rhenium 
complexes, while their naturally long triplet lifetimes are restored in the solid state where quenching 
is reduced. Taking the solid-state lifetimes as more representative of the intrinsic lifetimes of the 
complexes, it is notable that both of the selenoate complexes have shorter average lifetimes than the 
thiolates, as would be predicted from the higher spin-orbit coupling value associated with the heavier 
chalcogen, allowing more efficient radiative deactivation of the excited state through facilitating the 
formally forbidden transition. Given that the solution state lifetimes are dominated by quenching 
processes, it is difficult to draw comparisons between them as a complicated mixture of different 
physical and chemical processes (vibrational, collisional, electron/energy transfer) will contribute to 
quenching. 

Given the remarkably large lifetime extension upon moving to the solid state observed with the 
thiolate and selenoate rhenium complexes, a re-examination of an analogous Pt(IV) complex, 
PtMe3(bpy)SPhCOOMe, was undertaken.48-49 PtMe3(bpy)SPhCOOMe has previously been reported to 
undergo excitation and emission via similar photophysical pathways to the current rhenium 
complexes, and has been recorded as having a solution lifetime of only 5.6 ns, and to show almost no 
sensitivity to oxygen concentration in solution.48-49 In the case of PtMe3(bpy)SPhCOOMe, a solid state 
lifetime of 1090 ns was recorded, giving an enhancement of nearly 200-fold. Again, it is likely that this 
great enhancement reflects the efficiency of quenching of the platinum complex in the solution state, 
rather than any particular photophysical phenomenon in the solid state. Some light may however be 
cast on these extensions by the fact that the extension to the solid-state lifetime of 
PtMe3(bpy)SPhCOOMe was still observed in frozen solution, as opposed to the crystalline state. A 
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sample of PtMe3(bpy)SPhCOOMe was dissolved in molten menthol and then frozen rapidly in order to 
try to avoid crystallisation, and yet a long lifetime was still recorded. Given the lack of sensitivity to 
oxygen, and the retention of long components in frozen solution, it appears that the long lifetimes of 
both rhenium and platinum complexes derived from chalcogenides are intrinsic properties of the 
systems, and that the short solution lifetimes reflect rapid quenching by a variety of non-oxygen 
processes. 

DFT calculations  

To better rationalize the photophysical observations of new complexes 1f and 2f, DFT and TD-DFT 
calculations were performed on a subset of complexes. Density-functional theory (DFT) calculations 
on complexes [Re(pyta-C2)(CO)3(SPh)] 1b’, [Re(tapy-C2)(CO)3(SPh)] 2b’, [Re(pyta-C2)(CO)3(SPh-p-
CO2Me)] 1d’, [Re(tapy-C2)(CO)3(SPh-p-CO2Me)] 2d’, [Re(pyta-C2)(CO)3(SePh)] (1f’) and [Re(tapy-
C2)(CO)3(SePh)] (2f’) were performed to acquire a better understanding of their photochemical 
behaviour. In order to reduce computational cost, the alkyl chains of the pyta and tapy ligands were 
replaced with ethyl groups. Calculations were performed with the Gaussian09 quantum chemistry 
software. Geometries and final electronic energies for all spin states and geometries were obtained 
using the B3LYP hybrid functional. The split-valence triple-ζ quality basis set 6-311G** was used on all 
atoms except rhenium, for which the effective-core potential basis set LANL2DZ was employed. All 
calculated singlet ground-state geometries were confirmed as energetic minima on the potential 
energy surface by analytical calculation of harmonic frequencies at the same level of theory, revealing 
only positive values. 

 

Figure 5. Schematic representation of ligands and optimized structures of complexes 1-2b’,d’,f’. 
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Geometry optimizations and single point energy calculations were first carried out in the gas phase 
and subsequently refined in an implicit solvent environment using the polarizable continuum model 
(PCM). Acetonitrile was chosen for the sake of comparison with experimental data. The optimized 
singlet ground-state structures predict a pseudo-octahedral coordination environment with three 
carbonyl ligands in fac-configuration around the rhenium centre in all complexes (Fig. 5). However, the 
substitution pattern of the benzenethiolate / benzeneselenolate ligand had a considerable impact on 
the conformational arrangement of the corresponding complex, notably on the orientation of the aryl 
moiety: in complexes 1d’, 2d’ the aromatic ring is turned by approximately 90° around the carbon-
sulfur bond with respect to the corresponding bond (carbon-sulfur/selenium) in complexes 1c’,f’ and 
2c’,f’.36 

The Re-Se bond is predicted to be longer than the Re-S bond (approx. 2.58 vs 2.70 Å, selection of bond 
length in Table S1) while the length of the Re-C bond trans to the axial ligand lies in the same range. 
The Re-N bonds lengths are similar in Re-S and Re-Se complexes with Re-N bond distances longer in 
the pyta complexes than in the tapy complexes, as already described in other derivatives.36 No impact 
of the X ligand is seen on CO bond lengths, in agreement with the experimental IR spectra.  

The absorption spectra calculated by time-dependent density-functional theory (TD-DFT, Figure S15.) 
were in good agreement with the experimental data with intense and relatively narrow absorption 
band in the ultraviolet region ranging from 240 to 280 nm and a broader near-UV absorption band of 
at lower energies (> 320 nm) with a much stronger intensity for the esters 1-2d’ with respect to the 
other SPh/SePh complexes. The calculated absorptions wavelengths are in a reasonable agreement 
with the experimental observations with good predictions of the maximum absorption wavelengths. 

 

Figure 6. Frontier molecular orbitals of complexes 1b’,d’,f’ as calculated using TD-DFT at the singlet ground state 
(NStates = 30) and HOMO-LUMO gaps. Visual representations are shown for orbitals contributing to the 
transitions listed in Table S2. 

Frontier orbital diagrams are presented in Figures 6 and 7 and selected electronic transitions predicted 
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by TD-DFT including their principal molecular-orbital contributions are specified in the Supporting 
Information (Table S2). The predictions described in He et al36 for 1-2b’,d’ were perfectly reproduced. 
In the new selenolate series, the LUMO orbital is also localized on the diimine pyta/tapy ligand. The 
better electron acceptor ability of the inverse tapy ligand compared to the regular pyta leads to 
predicted energies of the first vacant orbital centred on the diimine ligand in complexes 2 lower than 
those of pyta series 1. The respective energies of this vacant orbital for selenolate and thiolate 
complexes in a same pyta or tapy series are the same (-2.19 eV for pyra series and -2.52 eV in tapy 
series) reflecting close electron donating abilities for phenyl thiolate and selenolate ligands.  

The introduction of a phenylselenolate ligand leads to a slight destabilization of the HOMO compared 
to the corresponding thiophenolate counterpart (-5.51 eV for 1b’ vs -5.33 eV for 1f’, -5.58 eV for 2b’ 
vs -5.40 eV for 2f’), which is consistent with a slightly higher electron donating character of 
phenylselenol with respect to thiophenol. In complexes b’ and d’, the HOMO is of mixed dπ and πS 
significant character. The HOMO-1 level is of main S/Se-Ph character and the rhenium-based 5d-
centred orbitals are found at lower energies. The energy difference between the HOMO and the 
HOMO-1 levels increases as the electron donating ability of the thiolate ligand decreases (SePh > SPh 
> SPhCO2Me) i.e. the filled orbital centred on the S/Se-Ph is stabilized by electron withdrawing groups.  

 

Figure 7. Frontier molecular orbitals of complexes 2b’,d’,f’ as calculated using TD-DFT at the singlet ground state 
(NStates = 30) and HOMO-LUMO gaps. Visual representations are shown for orbitals contributing to the 
transitions listed in Table S2.  

The emission properties of complexes 1-2b’,d’,f’ were studied under the same conditions and at the 
same level of theory using two different approaches. Firstly, in addition to the geometry optimizations 
at the singlet ground state, the triplet state was optimized to obtain an excited state geometry. The 
ground-state energy was calculated again at the fixed optimized triplet geometry by changing 
multiplicity back to 1. The emission wavelength was then given by the difference in energy between 
the singlet and the triplet state at the frozen triplet geometry (λcalc1, Table 2). Secondly, again starting 
from the fixed optimized triplet-state geometry, the singlet state was calculated using TD-DFT. The 
emission energy was considered to roughly correspond to the first, lowest-energy excited state found 
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in the TD-DFT results (λcalc2, Table 2). The reservation must be made, however, that TD-DFT is robust 
only at the minimum of a given potential energy surface and may yield erroneous results at excited-
state geometries. The predicted emission wavelengths are in very satisfactory agreement with the 
experimental observations in the pyta series of complexes 1, the method giving overall better results. 
In the tapy series 2, red-shifted emission wavelengths vs corresponding pyta complexes 1 are however 
systematically predicted, in opposition to what is observed. 

Table 2. Emission wavelengths calculated according to methods 1 (difference in energy between triplet state and 
singlet state at fixed triplet-state geometry) and 2 (lowest-energy excitation of the singlet state at fixed triplet-
state geometry via TD-DFT) as well as experimental emission wavelengths. 

Complex λcalc1 / nm 

Method 1: ET – ES,tgeom 

λcalc2 / nm 

Method 2: ES,tgeom by TD-DFT 

λexp / nm 

1b’ 638.4 651.2 633 

2b’ 791.0 756.4 526 

1d’ 599.4 606.4 608 

2d’ 698.1 698.5 650 

1f’ 650.8 669.4 635 

2f’ 803.2 780.2 525 

 

Cytotoxicity 

Because of their interesting spectroscopic properties, offering the best compromise between stability, 
quantum yield and Stokes shift, complexes 1d and 1f were selected for further biological evaluation 
and bioimaging studies. Prior to any imaging study, the toxicity of 1d and 1f was evaluated in A549 
non-small cell lung cancer cell line using a classical sulforhodamine B assay. The cells were incubated 
with a range of concentrations (0–100 μM) for 72 h. The complexes showed low toxicity with IC50 of 
19.5±7.3 μM for 1d and 27.1±7.3 μM for 1f (Fig. S16). The viability at the concentrations used in 
bioimaging studies (typically 12 μM for 2.5 h in confocal microscopy) was >80% for the three 
conjugates. Consequently, imaging studies using fluorescence were performed and sub-cellular 
localisation was investigated.  

Imaging 

Confocal Laser Scanning Microscopy (CLSM) studies 

A549 cells were incubated with 12 μM of the complexes 1d and 1f for 2.5 h and imaged by single 
photon excitation at 405 nm (emission signals between 400-600 nm) (Fig. 8 and Fig. S17). A clear 
luminescence signal could be detected in both cases compared to control cells, with a punctuated 
distribution in the cytoplasm. Nuclear, mitochondrial and lysosomal labelling were investigated using 
co-incubation with conventional markers. In a first experiment, cells were incubated with 1d or 1f (12 
μM) for 2.5 h, followed by a 30 min incubation with MitoTracker Deep Red. MitoTracker Deep Red dye, 
characterized by an excitation maximum at 644 nm and an emission in the 650–750 nm range, was 
excited at 554 nm and its emission was captured between 600-800 nm. As shown previously in the 
case of other rhenium pyta carbonyl complexes17 and true again for 1d and 1f, there is a partial overlay 
between the emission of the complexes (500-800 nm, λmax 610 nm for 1d, 550-750 nm, λmax 640 nm for 
1f) and the excitation of the organic fluorophore. This could lead to a loss in fluorescence intensity of 
the complexes in the presence of MitoTracker Deep Red.  
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Figure 8. Confocal laser scanning microscopy images of A549 cells treated with 1d (12 µM) or 1f (12 µM) for 2.5 
h, fluorescence signal of the complexes (λexc 405 nm). 
 
The luminescence of the complexes could still be detected without parasite signal (Figure 9). Co-
localization results between the complexes and Mitotracker Deep Red in cells, as analyzed using the 
Van Steensel curve and Pearson value methods, indicated that complexes 1d and 1f did not 
preferentially accumulate in mitochondria of A549 cells (A mean Pearson coefficient of 0.236 and 0.138 
was calculated for 1d and 1f respectively, see Fig. S18-S19).  

 

Figure 9. Confocal laser scanning microscopy images of A549 cells treated with 1d (12 µM) or 1f (12 µM) for 2.5 
h. Left: fluorescence signal of the complexes (λexc 405 nm); middle: fluorescence signal of Mitotracker Deep Red 
(λexc 554 nm); right: merge of the complexes (yellow) and Mitotracker Deep Red (red). 
 
Co-localization imaging experiments were then performed with Lysotracker Deep Red. A549 cells were 
incubated with 1d or 1f (25 µM) for 3 h, followed by Lysotracker Deep Red (100 nM) for 30 min. The 
cells were fixed with 4% para-formaldehyde for 8 minutes prior to imaging. LysoTracker Deep Red dye, 
characterized by an excitation maximum at λexc 647 nm and an emission in the λem 650–750 nm range, 
was excited at λexc 647 nm and its emission was captured between λem 600-800 nm. A qualitative good 
superimposition of the signals from the complexes and the Lysotracker was observed (Figures 10-11, 
Fig. S20). Co-localization results in cells were analyzed using the Van Steensel curve and Pearson value 
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methods. Gaussian maxima shifted from the zero position of dx (red line in Fig. 10-11C) were obtained 
in the Van Steensel method and a mean Pearson coefficient of 0.80 and 0.89 was calculated for 1d and 
1f respectively, both suggesting a good overlay with the lysosomal marker, pointing to a preferential 
localization at the lysosomes (Fig. 10-11). To ascertain the compounds’ destination in the cells, the 
incubation periods for compounds 1d and 1f were prolonged from 3 h to 20 h. Longer incubation 
periods did not change their localization, both compounds localizing in the cytoplasm with no presence 
in the nucleus (Fig. S21). Lysosomes are interesting targets for anticancer therapy.52-53 Acidic organelles 
such as lysosomes have been described as preferential sub-cellular localisation of a number of diimine-
based rhenium carbonyl [Re(N^N)(CO)3X]n+ complexes as probes or anticancer agents.52, 54-58 Tiny 
structural changes have been shown to strongly impact the accumulation site.59xN Mitochondria have 
also been evidenced as preferential localisation of such compounds using their luminescence 
properties17, 24-25 or ICP-MS, an accurate method in case of environment- or speciation-dependent 
luminescence of the complexes.60 

 

 
Figure 10. Colocalization analyses with the fluorescence signal of Lysotracker Deep Red. A549 cells were 
incubated with 1d at 25 μM for 3 hours. (A) Left: channel 1 – fluorescence image of 1d with excitation at λexc 
405 nm; middle: channel 2 – fluorescence image of the Lysotracker Deep Red (λexc 647 nm); right: overlay. (B) 
Scatter plot or 2D-histogram with a linear regression representing the signal intensity relationship of the two 
fluorescence images. (C) Van Steensel curve (see experimental part for details). The cross-correlation function is 
maximal for a shift dx equal to -1 pixel. The Pearson coefficient is equal to 0.80.  



14 
 

 

Figure 11. Colocalization analyses with the fluorescence signal of Lysotracker Deep Red. A549 cells were 
incubated with 1f at 25 μM for 3 hours. (A) Left: channel 1 – fluorescence image of 1f with excitation at λexc 405 
nm; middle: channel 2 – fluorescence image of the Lysotracker Deep Red (λexc 647 nm); right: overlay. (B) Scatter 
plot or 2D-histogram with a linear regression representing the signal intensity relationship of the two 
fluorescence images. (C) Van Steensel curve (see experimental part for details). The cross-correlation function is 
maximal for a shift dx equal to 0 pixel. The Pearson coefficient is equal to 0.89. 

Time-resolved microscopy with 1d and 1f 
Considering the variable lifetimes offered by the rhenium complexes in this study, the imaging 
experiments were extended to include time-resolved microscopy. Fixed slides of A549 cells incubated 
with 1d or 1f and a variety of commercial staining agents were subjected to examination with an 
inverted Olympus microscope coupled to a laser combining unit equipped with a range of pico-second 
pulsed lasers, and TCSPC detection. Both 1d and 1f showed promise as time-resolved imaging agents, 
with temporal resolution allowing differentiation between DAPI fluorescence and the phosphorescent 
rhenium agents by a variety of techniques. Due to the great difference in lifetime between DAPI and 
the complexes, different laser pulse-rates were required to obtain representative decays of the 
different species, and so it was difficult to obtain decays that contained good enough information in 
both the fluorescence and phosphorescence regimes to allow a combination of FLIM and PLIM. 
However, using a relatively fast pulse rate suitable for recording fluorescence decays, under which the 
lifetime of the rhenium complexes is underestimated, while DAPI is accurately measured, allowed a 
distribution pattern of the agents to be displayed using an average lifetime colour scale (see Fig. 12). 
Focussing on the phosphorescent signal, a slower pulse rate allows an accurate estimation of the 
lifetime of the rhenium species, while the DAPI signal is all included in the first few temporal binning 
channels and so cannot be determined accurately. This approach allows for a time-gating approach, in 
which images are generated differentiating the parts of the decay recorded below 5 ns (fluorescence) 
and above an arbitrary cut off (5-100 ns) which is dominated by phosphorescence (see Fig. 13-14). In 
this way, the signal obtained from DAPI is essentially isolated in one image, and the signal from the 
phosphorescent agent in another, allowing almost complete separation of fluorescence and 
phosphorescence, and so mapping the distribution of fluorophores and phosphors separately.  
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Figure 12. A549 cell incubated with 1d and DAPI presented with lifetime mapping colour scale, blue = 1 ns, red 
≥ 8 ns (dominated by 1d); blue represents DAPI / autofluorescence, green – red shows localisation of 1d.  
 

 
Figure 13. A549 cell incubated with 1d and DAPI presented with time gating < 5ns (left) and > 80 ns (centre), 
colour mapped by number of counts with combined image showing fluorescence intensity (blue-green) 
overlapped with phosphorescence intensity (green-red) (right).  
 

 
Figure 14. A549 cell incubated with 1f and DAPI presented with time gating < 5ns (left) and > 5 ns (centre), 
coloured by number of counts with combined image showing fluorescence intensity (blue-green) overlapped 
with phosphorescence intensity (green-red) (right). 
 
In addition to demonstrating that 1d and 1f are useful agents for time-resolved cell microscopy, 
capable of allowing discrimination of endogenous autofluorescence from the complexes’ 
phosphorescence by temporal methods, it became clear that the cellular lifetimes recorded in these 
experiments far exceeded the solution state lifetimes measured for the complexes, being closer to 
those observed in the solid state. Although the measured lifetimes across cells were not uniform, and 
the decay contained autofluorescence, it was clear that there were long components with those 
measured for 1d being between 300-500 ns, and for 1f between 100-200 ns. While it has been reported 
before that binding of phosphorescent metal complexes to biomolecules can lead to increases in 
lifetime,61-63 reports of this phenomenon in cellular imaging31 are very sparse. In fact, although the 
solution state lifetimes of the (iridium) complexes in a previous report of lifetime extensions in cell 
imaging were much longer than those in this study (350-450 ns),31 the lifetime extensions both in the 
solid state and in cells were also lower, increasing by 2-5 fold in the solid state and approximately 2 
fold in cells, as opposed to the much larger (> 10 fold) increases reported in the present work. It is clear 
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from the comparison both to the studies of solution state binding of metal complexes to biomolecules, 
and the single example of the discussion of this phenomenon in cell microscopy, that the current 
lifetime extensions are the largest yet to be observed and have the potential both to be exploited in 
time resolved imaging, and to be used to give information about the environment of the agents within 
cells. That the lifetimes extend so much in cells implies strongly that the environment is more solid-
like than solution-like. The oxygen sensitivity of these complexes is not great enough to explain these 
large lifetime extensions, and so it is likely that the complexes are protected from quenching by their 
cellular environment in a similar way to that which is apparent on the solid state. Given the number of 
enzymes and other biomolecules present in lysosomes, in addition to membrane structures that could 
host these lipophilic complexes, it is impossible to speculate upon an exact environment for the 
complexes, but it is clear that they are closely bound by some structure within the lysosome to so 
efficiently protect them from quenching. This study used fixed cells for the time-resolved microscopy, 
in which the cells are dead meaning that active processes such as transport have ceased, and passive 
processes may be limited due to immobilization. As such the results of this study do not directly offer 
insights into the processes ongoing in the lysosomes of living cells, but the observation that the 
lifetimes are clearly different from those recorded in solution, and hence capable of reporting on their 
environment, offers a methodology for future studies.  

Conclusion 

The Re(I) fac-tricarbonyl bisimine chalcogenide complexes reported in this study are simple to prepare 
in a small number of steps from well-known metal precursors and ligands, are stable in solution over 
many hours and are isolated in excellent yields. Characterization of their photophysical properties by 
steady state and time resolved absorption and emission spectroscopy and DFT reveals that they are 
excited to, and emit from, a state of unusual mixed MLCT and LLCT character (π(SPh) to π*(N^N)), of 
which only a small number of examples have previously been reported. The emission of these neutral 
chalcogenide (S, Se) complexes is red-shifted compared to the commoner cationic group 15 (N, P) 
complexes, with some examples showing broad emission bands extending well into the near IR region. 
The lifetime of emission of these complexes in the solid state shows an enhancement over the solution 
state emission lifetimes of up to 35-fold, far greater than those previously reported for Re(I) 
complexes. Preliminary cellular studies (A549) of selected complexes show that they are of generally 
low cytotoxicity (IC50 20-30 μM) with confocal microscopy demonstrating good cellular uptake, while 
colocalization studies revealed a selectivity for lysosomal localisation. Time-resolved fluorescence cell 
microscopy showed that the cellular lifetimes of the complexes were significantly longer than the 
solution state lifetimes, resembling those recorded in the solid state. Photoactive agents based on the 
Re(I) fac-tricarbonyl core, which already show a wide range of both structural diversity and 
applications, and these results suggest that Re(I) fac-tricarbonyl bisimine chalcogenide complexes 
offer a valuable addition to this range, with interesting and potentially useful photophysical and 
cellular properties. 

Experimental part 

General considerations 

1H and 13C NMR spectra were recorded on a Bruker Avance 300 spectrometer using solvent residuals 
as internal references. The following abbreviations are used: singlet (s), doublet (d), doublet of 
doublets (dd), and multiplet (m). Mass spectrometry services were performed at the Mass 
Spectrometry Sciences Sorbonne University MS3U platform (Paris, France). The following 
abbreviations are used: MS (mass spectrometry), HRMS (high resolution mass spectrometry), 
electrospray (ESI). TLC analysis was carried out on silica gel (Merck 60F-254) with visualization at 254 
and 366 nm. Preparative flash chromatography was carried out with Merck silica gel (Si 60, 40–63 µm). 
Reagents and chemicals were purchased from Sigma-Aldrich, Alfa Aesar, or Strem Chemicals. Dry 
tetrahydrofuran (THF) were purchased from Sigma and used without further purification. All reactions 
were performed under an Ar inert atmosphere. UV-Vis absorption spectra were recorded on a Varian 
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Cary 300 Bio spectrophotometer, luminescence emission spectra on a Jasco FP-8300 
spectrofluorometer, and IR spectra on a Perkin- Elmer Spectrum 100 FT-IR spectrometer. Complexes 
1a and 2a were synthesized according to published procedures.3 

Synthesis and chemical characterizations 

Synthesis of 1c, 3c: 

Re(PytaC12)(CO)3Cl 1a (50.0 mg, 0.0806 mmol, 1.0 eq.) was added into a vial, followed by anhydrous 
THF (0.04 M, 3 mL). AgOTf (22.8 mg, 0.0887 mmol, 1.1 eq.) was added in the dark. The mixture was 
stirred at room temperature protected from light for 2 hours. The mixture was centrifuged (7500 rpm, 
6 min) and the solid residue discarded. 4-Methoxybenzenethiol (10.8 μL, 0.0887 mmol, 1.1 eq.) and 
anhydrous Et3N (44.9 μL, 0.322 mmol, 4.0 eq.) were added to the filtrate. The resulting mixture was 
stirred at room temperature for 24 hours, protected from light. The solution was evaporated in 
vacuum, the residue taken up in DCM and washed with H2O. The organic phase was dried over Na2SO4, 
filtered, evaporated and the residue was purified by column chromatography on silica gel (DCM: MeOH 
100:0 to 96:4, v/v) to afford the products. 

Compound 1c was obtained as a yellow solid (38.7 mg, 45% yield). 1H NMR (300 MHz, acetone-d6) δ 
8.99–8.91 (m, 2H), 8.23–8.14 (m, 1H), 8.14–8.07 (m, 1H), 7.66–7.54 (m, 1H), 7.48–7.37 (m, 2H), 7.09–
6.98 (m, 2H), 4.64 (t, J = 7.2 Hz, 2H), 3.78 (s, 3H), 1.50–1.14 (m, 18H), 0.92–0.81 (m, 3H). 13C NMR (75 
MHz, acetone-d6) δ 157.4, 153.8, 149.8, 139.9, 136.1, 134.2, 126.6, 125.1, 122.8, 113.3, 55.4, 52.7, 
32.6, 30.5, 30.2, 29.7, 27.1, 23.3, 14.4. HRMS+(ESI): m/z calcd for C29H37N4NaO4ReS: 747.1991 [M + 
Na]+; found: 747.1977. IR: νmax/cm-1 2013, 1897 (CO). 

Compound 3c was obtained as a yellow solid (26.5 mg, 34% yield). 1H NMR (300 MHz, acetone-d6) δ 
8.86 (m, 2H), 8.83 (m, 2H), 8.19-8.12 (m, 2H), 8.00-7.96 (m, 2H), 7.60-7.53 (m, 2H), 6.15 (d, J = 8.8 Hz, 
2H), 5.89 (d, J = 8.8 Hz, 2H), 4.55-4.47 (m, 4H), 3.67 (m, 3H), 1.97-1.95 (m, 4H), 1.42–1.28 (m, 36H), 
0.89–0.85 (m, 6H). 13C NMR (75 MHz, acetone-d6) δ 154.2, 150.1, 149.4, 141.2, 136.1, 127.3, 125.8, 
123.4, 118.2, 113.9, 55.8, 53.0, 32.6, 30.5, 30.2, 29.7, 27.0, 23.3, 14.4. HRMS + (ESI): m/z calcd for 
C51H67N8O7Re2S: 1309.3963 [M]+; found: 1309.3977.  

General procedure for the synthesis of 1c, 1d, 1f, 2f: 

Re(PytaC12/TapyC12)(CO)3Cl 1a or 2a (1.0 eq.) was added into a vial, followed by anhydrous THF (0.04 
M). AgOTf (1.1 eq.) was added in the dark. The mixture was stirred at room temperature protected 
from light for 2 hours. The mixture was centrifuged (7500 rpm, 6 min) and the solid residue discarded. 
Thiol or selenol ligand (4.0 eq.) and anhydrous Et3N (6.0 eq.) were added to the filtrate. The resulting 
mixture was stirred at room temperature for 24 hours, protected from light. The solution was 
evaporated in vacuum, the residue taken up in DCM and washed with H2O. The organic phase was 
dried over Na2SO4, filtered, evaporated and The solution was evaporated in vacuum and the residue 
was purified by column chromatography on silica gel (cyclohexane: ethyl acetate = 3 : 7, v/v) to afford 
the product. 

Compound 1c was synthesized according to general procedure starting from complex 1a (48.7 mg) and 
4-methoxybenzenethiol (39.6 μL) and obtained as a yellow solid (75.5 mg, 90% yield). 1H NMR (300 
MHz, acetone-d6) δ 8.99–8.91 (m, 2H), 8.23–8.14 (m, 1H), 8.14–8.07 (m, 1H), 7.66–7.54 (m, 1H), 7.48–
7.37 (m, 2H), 7.09–6.98 (m, 2H), 4.64 (t, J = 7.2 Hz, 2H), 3.78 (s, 3H), 1.50–1.14 (m, 18H), 0.92–0.81 (m, 
3H). 13C NMR (75 MHz, acetone) δ 157.4, 153.8, 149.8, 139.9, 136.1, 134.2, 126.6, 125.1, 122.8, 113.3, 
55.4, 52.7, 32.6, 27.1, 23.3, 14.4. HRMS+ (ESI): m/z calcd for C29H37N4NaO4ReS: 747.1991 [M + Na]+; 
found: 747.1977. IR: νmax/cm-1 2013, 1897 (CO). 

Compound 1d was synthesized according to general procedure starting from complex 1a (80.0 mg) 
and methoxy 4-thiobenzoate (86.8 mg) and obtained as an orange solid (85.4 mg, 88% yield). 1H NMR 
(300 MHz, acetone-d6) δ 8.99–8.91 (m, 2H), 8.23–8.14 (m, 1H), 8.14–8.07 (m, 1H), 7.66– 7.54 (m, 1H), 
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7.48–7.37 (m, 2H), 7.09–6.98 (m, 2H), 4.64 (d, J = 7.2 Hz, 2H), 3.78 (s, 3H), 1.50–1.14 (m, 18H), 0.92–
0.81 (m, 3H). 13C NMR (75 MHz, acetone-d6) δ 167.4, 155.3, 154.0, 150.0, 149.1, 140.5, 134.2, 128.7, 
126.9, 125.6, 124.6, 123.2, 52.9, 51.8, 32.6, 30.6, 30.3, 29.7, 27.0, 23.3, 14.4. HRMS+ (ESI): m/z calcd 
for C30H37N4NaO5ReS: 775.1940 [M + Na]+; found: 775.1933. IR: νmax/cm-1 2015, 1897 (CO). 

Compound 1f was synthesized according to general procedure starting from complex 1a (46.9 mg) and 
phenylselenol (32.1 μL) and obtained as an orange solid (51.5 mg, 92% yield). 1H NMR (300 MHz, 
acetone-d6) δ 8.95–8.92 (ddd, J = 5.4, 1.5, 0.9 Hz, 1H), 8.73 (s, 1H), 8.07 (td, J = 4.8, 1.5 Hz, 1H), 7.89 
(ddd, J = 4.8, 1.5, 0.9 Hz, 1H), 7.51 (ddd, J = 5.4, 4.8, 1.5 Hz, 1H), 6.88-6.82 (m, 1H), 6.77-6.73 (m, 2H), 
6.66-6.60 (m, 2H), 4.59 (t, J = 7.2 Hz, 2H), 2.03-1.98 (m, 2H), 1.44-1.42 (m, 2H), 1.30–1.27 (m, 16H), 
0.89–0.84 (m, 3H). 13C NMR (75 MHz, acetone-d6) δ 153.0, 149.7, 148.6, 138.8, 136.6 (2C), 132.6, 126.7 
(2C), 125.6, 124.2, 123.6, 122.0, 52.7, 32.6, 30.6, 30.3, 30.15, 30.06, 29.7, 27.0, 23.3, 13.5. HRMS+ (ESI): 
m/z calcd for C28H36N4O3ReSe: 743.1505 [M + H]+; found: 743.1504. IR: νmax/cm-1 2008, 1912, 1882 (CO). 

Compound 2f was synthesized according to general procedure starting from complex 1a (50.1 mg) and 
phenylselenol (34.3 μL) and obtained as an orange solid (52.1 mg, 87% yield). 1H NMR (300 MHz, 
acetone-d6) δ 8.94–8.91 (ddd, J = 5.4, 1.5, 0.9 Hz, 1H), 8.72 (s, 1H), 8.29-8.23 (ddd, J = 7.8, 5.4, 1.5 Hz, 
1H), 7.97-7.94 (dtapp, J = 7.8, 0.9 Hz, 1H), 7.66-7.62 (m, 1H), 6.90-6.84 (m, 1H), 6.64-6.62 (m, 4H), 2.81 
(t, J = 7.5 Hz, 2H), 1.82-1.72 (p, J = 7.5 Hz, 2H), 1.49-1.28 (m, 18H), 0.89-0.85 (m, 3H). 13C NMR (75 MHz, 
acetone-d6) δ 153.4, 152.6, 147.3, 142.1, 137.5 (2C), 131.3, 128.0 (2C), 126.6, 124.9, 121.8, 114.7, 32.6, 
30.4, 30.3, 30.0, 29.4, 26.1, 23.3, 14.4. HRMS+ (ESI): m/z calcd for C28H36N4O3ReSe: 743.1505 [M + H]+; 
found: 743.1504. IR: νmax/cm-1 2012, 1883 (CO). 

Spectroscopy  

Fluorescence emission studies were performed on a Jasco spectrofluorometer FP-8300 in acetonitrile. 
For luminescence quantum yields determination, fluorescence and absorbance spectra were recorded 
in acetonitrile at different concentrations of the complexes. Ru(bpy)3PF6 in aerated acetonitrile was 
used as a standard with a known quantum yield of Φ 0.018 (λexc = 450 nm).  

The quantum yields were determined with the following equation:  
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where the subscripts s and r refer to the sample and the standard reference solution respectively; n is 
the refractive index of the solvents; F is the integrated emission intensity; A is the absorbance at the 
excitation wavelength (A < 0.1) and φ is the luminescence quantum yield. The ratio F/A is given by the 
linear regressions.  

Time resolved spectroscopy  

Lifetime data were collected on optically dilute solutions in MeCN on a PicoQuant FluoTime 300. The 
samples were excited with a 405 nm picosecond pulsed diode laser (P-C-405, PicoQuant) at the 
repetition rates referenced in the text, monochromating the emission to the values referenced in the 
text, which were the observed maxima of the emission curves measured on those solutions. The signals 
were digitised with a TimeHarp 260 PCI card (PicoQuant) and the fitting of the luminescence decay 
curves was conducted in FluoFit software (PicoQuant) and assessed from the χ2 parameter and 
weighted residuals. 

Sulforhodamine B (SRB) assay for cytotoxicity assessment 

Cell cultures with a maximum confluence of 70-80% were trypsinized and centrifuged (1.5 min, 1.2 
relative centrifugal force), trypsin and DMEM complete were removed, and the cells were re-
suspended using Opti-Mem supplemented with 2.4% v/v fetal calf serum (FCS), 0.2% v/v 
penicillin/streptomycin (P/S), and 1.0% v/v glutamine-S (GM), (hereafter called Opti-Mem complete). 

Coogan, Michael
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10 μL of cell suspension and 10 μL of trypan blue were mixed and pipetted into a cell counting slide, 
and cells were counted using haemocytometer counter. The cell suspension was diluted to the 
appropriate seeding density (A549, 5 × 103 cells/well) and seeded in the wells of a 96-well plate. The 
aqueous cisplatin positive control solution was prepared from a stock solution based on clinical 
formulation (3.3 mM cisplatin, 55 mM mannitol, 154 mM NaCl). Sterilized dimethyl sulfoxide (DMSO) 
was used to dissolve the rhenium complexes in such amounts that the maximum v/v% of DMSO per 
well did not exceed 0.5% v/v%. The complete cytotoxicity experiment lasted 96 h: cells were seeded 
at t = 0 h, treated at t = 24 h, and the cells were fixed at t = 96 h. The 96-well plates were seeded with 
the correct number of cells in 100 μL Opti-Mem complete per well. Border wells B12-G12 were seeded 
with cells for qualitative positive controls such as cisplatin. In the remaining outer wells 200 μL of Opti-
Mem complete was pipetted. The cells were fixed at t=96 h for the end-point SRB assay by adding cold 
trichloroacetic acid (TCA, 10% w/v 100 μL) in each well. The plates were stored at 4 °C for 14 h, then 
the TCA medium mixture was removed, the cells were rinsed with demineralized water three times, 
and air dried. Then, each well was stained with 100 μL SRB solution (0.6% w/v SRB in 1% v/v acetic 
acid) for 30 min, the SRB solution was removed, and washed with acetic acid (1% v/v) until no SRB 
came off, normally requiring 3-5 times. Once the plates were air-dried overnight, 200 μL of tris base 
(tromethamine, 10 mM) was pipetted to each well. To determine the cell viability the absorbance at 
510 nm was measured using a Biotech plate Reader. To make sure all the SRB was dissolved, this 
measurement was performed at least 30 minutes after coupling of tris-base. The SRB absorbance data 
per compound per concentration were averaged over three identical wells (technical replicates, nt = 
3) in Excel and made suitable for use in GraphPad Prism. Relative cell populations were derived from 
the average of the untreated controls (nt = 6). The data from three independent biological replications 
were used to obtain the dose response curves and EC50 values using non-linear regression of hills-slope 
equation with a fixed Y maximum (100%) and minimum (0%) relative cell population values.64 

Fluorescence Life Time Imaging (FLIM) sample preparation 

A549 cells were grown on 6 well plate with pre-added sterilized glass coverslip to reach around 70% 
confluency and were then incubated for 3 hours in presence of the probes [Re(Pyta-
C12)(CO)3(SPhCO2Me)] 1d and [Re(Pyta-C12)(CO)3(SePh)] 1f at 25 µM (final volume of DMSO  0.5 %). The 
medium was removed and washed with PBS (3x2 mL) to remove any compound traces. In a set of 
experiment, a solution of fluorescent mitochondria tracker Mitotracker Deep Red (provided by 
Invitrogen) at 100 nM in Opti-MEM complete media was added. After 30 minutes of incubation at 37 
°C, the mitochondria staining solution was removed and the cells were washed twice with phosphate 
buffer (2x2 mL). The cells were fixed with 4% para-formaldehyde for 8 minutes at room temperature 
and washed twice with PBS (2x2 mL) and once with Milli Q water. Coverslips were mounted on to 
microscope slide with mounting media Vectashield (from Vector Laboratories) in between to minimize 
photobleaching and thus increase the sensitivity. Colourless nail polish was used to seal the boarder 
of the coverslips air dried under dark conditions. 

Confocal Laser Scanning Microscopy (CLSM) studies 

A549 (3.0 x 104) cells were seeded in ibidi 8 well chamber slide and allowed to grow for 48 hours. Then 
cells were treated with 12 µM of the probes [Re(Pyta-C12)(CO)3(SPhCO2Me)] 1d and [Re(Pyta-
C12)(CO)3(SePh)] 1f and incubated for 2.5 hours at 37 °C, 5% CO2. After incubation cells were washed 
with PBS thrice (3 x 200 µL) then Hoechst (Invitrogen, Thermo Fischer scientific, 2 drops/mL or 40 µM) 
and mitochondria deep red staining (Fischer scientific, 500 nM) dyes in Opti-MEM media were used 
for colocalization purpose and incubated for 30 min at 37 °C, 5% CO2. Before proceeding to imaging 
the cells were washed again with PBS thrice (3 x 200 µL) to remove any traces of staining dyes followed 
by covering the cells with 200 µL of Opti-MEM media. Then confocal images were captured using Zeiss 
microscope (20X oil immersion lens) and processed by using ImageJ software. The probes [Re(Pyta-
C12)(CO)3(SPhCO2Me)] 1d and [Re(Pyta-C12)(CO)3(SePh)] 1f were excited at 405 nm and emission signals 
were recorded between 400-600 nm window. Hoechst was excited at 405 nm and emission was 
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detected between 424-473 nm. Mitotracker deep red dye was excited at 644 nm and its emission was 
captured between 600-800 nm. Lysotracker deep red dye was excited at 647 nm and emission was 
captured between 600-800 nm. 

Coincubation studies with DAPI 

A549 cells were grown on 6 well plate with pre-added sterilized glass coverslip to reach around 70% 
confluency and were then incubated for 4 hours in presence of the probes [Re(Pyta-
C12)(CO)3(SPhCO2Me)] 1d and [Re(Pyta-C12)(CO)3(SePh)] 1f at 12 µM (final volume of DMSO ≤ 0.5 %). 
The solution of DAPI prepared in Opti-MEM media (2 drops/mL Invitrogen ready to use solution) was 
added and incubated for 10 minutes followed by washing with PBS (3x 2mL). The cells were fixed with 
4% paraformaldehyde (2mL) for 8 minutes at room temperature and washed twice with PBS (2x2 mL) 
and once with Milli Q water (2 mL). coverslips were mounted on to microscope slide with mounting 
media Vectashield (from Vector Laboratories) in between to minimize photobleaching and thus 
increase the sensitivity. Commercially available nail polish was used to seal the boarder of the 
coverslips air dried under dark conditions. 

Coincubation studies with Lysotracker Deep Red 

Similar procedure was followed as coincubation studies with DAPI for Lysotracker containing as well. 
The A549 cells were grown on 6 well plate with pre-added sterilized glass coverslip to reach around 
70% confluency and were then incubated for 3 hours in presence of the probes [Re(Pyta-
C12)(CO)3(SPhCO2Me)] 1d and [Re(Pyta-C12)(CO)3(SePh)] 1f at 25 µM (final volume of DMSO ≤ 0.5 %). 
The medium was removed and washed with PBS (3 x 2mL) to remove any compound traces. The 
solution of fluorescent Lysotracker Deep Red (provided by Invitrogen) at 100 nM in Opti-MEM 
complete media were added. After 30 minutes of incubation at 37 °C, the lysosome staining solution 
was removed and the cells were washed twice with PBS (2 x 2 mL). The cells were fixed with 4% para-
formaldehyde for 8 minutes at room temperature and washed twice with PBS (2 x 2 mL) and once with 
MilliQ water. Coverslips were mounted on to microscope slide with mounting media Vectashield (from 
Vector Laboratories) in between to minimize photobleaching and thus increase the sensitivity. Nail 
polish was used to seal the boarder of the coverslips air dried under dark conditions. Lysotracker deep 
red dye was excited at 647 nm and emission was captured between 600-800 nm. 

Fluorescence imaging was performed using an Olympus X71 microscope equipped with a C9100-02 
camera (Hamamatsu Corporation, Sewickley, PA), a X60 oil-objective, a Lumencor Spectra X light 
source and a Hg lamp (100 W) attenuated by a neutral density filter. Microscopic slides were 
illuminated with the Hg lamp and luminescence signal of 1d and 1f were detected using the following 
filter set: excitation D350/50x; beam splitter 400DCLP; emission HQ560/80m; Chroma Technology. 
Image analysis was performed using Fiji software. The colocalization analysis were performed using 
the plugin coloc2 and JacoP implemented on Fiji software. The statistical confidence of the 
colocalization analysis results (Pearson value, Van-Steensel curve, scatter plot) were validated by the 
Costes’ method. This method consists in randomizing the first image channel 200 times and to check 
that the Pearson coefficient is below that of the unrandomized image in 100% of cases. The Van 
Steensel cross-correlation function (CCF)65 is a technique that shifts an image A on the x-axis pixel per 
pixel relative to another image B and calculate the respective Pearson Coefficient. A cross correlation 
function is obtained by plotting the Pearson coefficient as a function of the pixel shift dx. Complete 
colocalization shows a bell-shaped curve with maximum at dx = 0; partial colocalization shows a peak 
shifted from dx = 0.  

Time resolved microscopy 

Time resolved microscopy images and data were collected on a MicroTime 200 (PicoQuant) time 
resolved confocal fluorescence microscopy system consisting of an Olympus IX73 confocal microscope 
fitted with a ×100 oil objective excited with a picosecond pulsed 405 nm laser pulsing at 2.5 MHz. The 
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emitted fluorescence was spectrally cleaned with a dichroic mirror and a transmission band edge filter 
(510 nm). A pinhole of 75 microns was employed to reject light that was out of focus. The fluorescence 
was detected using single photon counting with an avalanche diode (SPAD-100, PicoQuant) and 
digitized with a Time Harp 260 PCI card (PicoQuant). The images were generated using the 
SymphoTime 64 software package and all decay profiles were analyzed using multiexponential models 
via an iterative reconvolution process using SymPhoTime software (PicoQuant). Fit quality was 
assessed from the χ2 parameter and weighted residuals. 

Supporting Information: Additional experimental details, materials, and methods, including 1H NMR 
spectra for all compounds, decay curves and fluorescence microscopy images (DOC) 
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